]. In aggregate, we suggest that glutathione reductase possesses the key attributes of a clonable nanoparticle system: ion reduction, nanoparticle retention and size control of the nanoparticle at the enzyme site.
produces Se nanoparticles. Structure and cellular ultrastructure of the Se nanoparticles as determined by cellular electron tomography shows the nanoparticles as intracellular, of narrow dispersity, symmetrically irregular and without any observable membrane or structured protein shell. Protein mass spectrometry of a fractionated soluble cytosolic material with selenite reducing capability identified nitrite reductase and glutathione reductase homologues as NADPH dependent candidate enzymes for the reduction of selenite to zerovalent Se nanoparticles. In vitro experiments with commercially sourced glutathione reductase revealed that the enzyme can reduce SeO3 2-(selenite) to Se nanoparticles in an NADPHdependent process. The disappearance of the enzyme as determined by protein assay during nanoparticle formation suggests that glutathione reductase is associated with or possibly entombed in the nanoparticles whose formation it catalyzes. Chemically dissolving the nanoparticles releases the enzyme. The size of the nanoparticles varies with SeO3 2- concentration, varying in size form 5nm diameter when formed at 1.0 μM [SeO3 2- ] to 50nm maximum diameter when formed at 100 μM [SeO3 2- ]. In aggregate, we suggest that glutathione reductase possesses the key attributes of a clonable nanoparticle system: ion reduction, nanoparticle retention and size control of the nanoparticle at the enzyme site.
Introduction
A grand challenge in biogenic inorganic nanoparticle synthesis is a clonable nanoparticle. That is, specifically, a single clonable polypeptide sequence that mediates the selfcontained formation of an inorganic nanoparticle from inorganic salt precursors. Just as the clonable fluorophore, green fluorescent protein (GFP), is widely used for clonable contrast in biological optical microscopies, 1 a clonable inorganic and electron-dense nanoparticle is expected to find widespread use for cellular contrast in biological electron microscopy.
In each case facile genetic methods for concatenating DNA encoding a protein sequence to the DNA sequence of a native cellular protein underlie the utility of clonable microscopy contrast. Expression of the resulting chimeric protein places a contrast marker alongside every instance of the native protein, enabling localization of the protein chimera in micrographs. A clonable nanoparticle requires a polypeptide that integrates three distinct chemical activities. One activity is inorganic ion reduction or oxidation, converting soluble (ideally bioavailable and nontoxic) inorganic ions to insoluble (nanoparticulate) species. Second, the resulting inorganic nanoparticle must be retained by the polypeptide. Third, the size of the resulting nanoparticle must be large enough to identify unambiguously in a micrograph that includes biological structure, while also being small enough to minimize perturbation of cell biology and to reduce the shadow-casting that obscures biological information. An ideal size is suggested as 5 nm diameter, as this size is considered to allow unambiguous identification of particles over cellular background. Smaller sizes may be useful for more specialized applications. So far, there is no widely adopted clonable contrast marker in biological electron microscopy. Both naturally occurring proteins as well as peptides isolated from libraries are investigated as candidate clonable nanoparticles.
Naturally occurring proteins investigated include most prominently ferritin and metallothionein. In the case of the iron-storage capsule protein ferritin, 2 the requirement of 24 subunits with a total mass of nearly 0.45 MDa 3 may limit its use. Metallothionein coordination of Au (I) or Au(III) based ions is also proposed, 4-6 but these methods are not widely adopted in biological electron microscopy. This is perhaps because the Au (I) precursors are sparingly soluble in  water and Au(III)-based coordination compound precursors  are easily reduced by proteins,  7-9 buffers,  10,11 and other biomolecules encountered in a cellular environment. [12] [13] [14] [15] Proteins associated with magnetosomes such as mms6 are also initially attractive for forming clonable iron oxides. 16 However, a recent study shows that cloning of a minimal set of magnetosome-associated genes into a new host cell results in membrane-encapsulated iron oxide nanoparticles. 17 Such a membrane would clearly disrupt the function of a clonable nanoparticle, by adding size and possibly membrane sequestering proteins tagged for study.
Another investigated source of a polypeptide satisfying the clonable nanoparticle criteria is directed evolution. Directed evolution methods have already identified several DNAs, [18] [19] [20] RNAs, 21, 22 and peptides [23] [24] [25] that mediate inorganic nanoparticle formation. In fact, early reports suggested that some library-derived peptides possessed the three desired activities of reduction, retention and size control. 23, 26 Subsequent studies revealed that the buffers such as HEPES 11 or other Good's Buffers, 10 in which the selections were executed, reduced the inorganic precursors. 27 The role of the evolved biomolecules is to cap the nanoparticles resulting from buffer reduction of metal ions, enforcing size and shape control. One of the best studied systems, the A3 peptide, 34 and metal 35, 36 and metalloid [37] [38] [39] reductases implicated in detoxification processes. Resulting nanoparticle size is regulated when the product is retained, by encapsulating proteins such as DPS 40 or ferritin. 40 Alternatively, enzymes release or turn over their products, allowing them to diffuse from the site of synthesis. 34, 41 Notably, there are no well-established examples of intracellular particles wherein the inorganic portion of the particle is exposed to cytosol.
In the present work, we investigate the formation, enzymology, structure and cellular ultrastructure of biogenic selenium nanoparticles (SeNPs) made by a strain of Pseudomonas fluorescens, P. moraviensis Stanleyae, recently isolated from a seleniferous environment, inside Se hyperaccumulator plant Stanleya pinnata. While Se is an essential element for many organisms, the range between essentiality and toxicity is very narrow. 42 The conversion of comparatively toxic Se oxyanions, SeO 3 2-(selenite) and SeO 4 2-, (selenate) to zerovalent SeNPs by selenospecialist bacteria has been previously established. 38, 39, 43, 44 Depending on the species, the resulting SeNPs may be extra-or intra-cellular. 45 Enzymes including nitrite reductase, thioredoxin, glutathione reductase, and metalloid reductases are identified by proteomic mass spectrometry on purified nanoparticles or in fractionated cell extracts assayed for Se oxyanion reductase activity.
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Very little is known about the mechanism of particle synthesis, the relationship between enzymes that synthesize the nanoparticles and the nanoparticles, and the physical interface between nanoparticles and the cytosol. For instance, most intracellular nanoparticles are coated by a membrane or a structured protein coat. There is also little investigation of the means of size control for biogenic and/or enzymatically produced Se nanoparticles. In the present work, we report the first 3D electron tomographic reconstructions of cells containing SeNPs, and infer unprecedented aspects of the nanoparticle and nanoparticle/cytosol interface that may be unique to SeNPs, and especially relevant for the application of SeNPs as a clonable nanoparticle. We show the possibility of size control of the nanoparticles, and show that a large fraction of enzymes are physically associated with nanoparticles. Overall, our results present the first report of a polypeptide that possesses the three coincident activities required for a clonable nanoparticle useful in cellular electron microscopy: precursor reduction, product retention, and product size-control.
Results
Pseudomonas moraviensis stanleyae was isolated from the roots of Stanleya pinnata, a Se hyperaccumulator plant native to western USA, 46 and observed to tolerate unusually high concentrations of SeO 3 2- . When grown in Luria Broth media supplemented with 10 mM Na 2 SeO 3 , the cultures become notably pink in color during early log-phase. This color change ( Figure S1 ) is associated with the formation of zerovalent (red) Se. The conversion of selenite oxyanions to zerovalent Se is a common detoxification process for bacteria that tolerate high concentrations of Se oxyanions. 47 Initial characterization of the SeNPs produced by P.
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Please do not adjust margins moraviensis Stanleyae was performed by transmission electron microscopy (TEM), scanning electron microscopy (SEM) with energy dispersive X-Ray spectroscopy (EDS) elemental mapping, and 3-D cellular electron tomography.
An initial TEM examination of glutaraldehyde-fixed concentrated cell culture of P. moraviensis Stanleyae, dry mounted on a carbon-coated TEM grid ( Figure 1 , left panel) revealed relatively uniform (107 ± 35 nm) high-contrast circular morphology spots both inside (or superimposed on) and outside of the bacterial cells. Scanning transmission electron microscopy of the same sample allowed EDS mapping of elemental composition. The EDS mapping confirms that the high-contrast spots are Se-rich. (Figure 1, panel B) This suggests that the high-contrast spots are Se nanoparticles that account for the red color of the bacterial cultures. A histogram of particles sizes is shown in Figure 1 , panel C. Similar spots were not observed in TEM images control cultures that were not supplemented with SeO 3 2-. At least 50 were examined in the control observation, high density spots were observed associated only with one cell, and in that instance the morphology was notably irregular compared to the putative SeNPs ( Figure S2 .) Dry mount electron microscopy provides comparatively limited information compared to more sophisticated preservation and imaging methods, such as cellular electron tomogrpahy. 48, 49 With appropriate preservation, [50] [51] [52] these methods allow high fidelity 3D resolution of cellular ultrastructure such as membranes and major cytoskeletal filaments, organelles and ribosomes. 53 Here we used electron tomography to definitively reveal whether the observed nanoparticles are inside the cells (as opposed to superimposed), reveal membranes, and reveal major cellular ultrastructure. P. moraviensis Stanleyae cells were grown as described in the methods section, both with and without 10 mM SeO 3 2-supplementation into the stationary phase where particles are easily discernable. Concentrated cultures were subjected to freeze substitution, 50 which provides the highest fidelity preservation of cellular ultrastructure aside from vitrification. 54 supplemented cells. In the case of metal-stained cells, it was unclear whether the inclusions could be attributed to the staining of biological material or to SeNPs, although other ultrastructures (such as both inner and outer membranes) were clearly revealed ( Figure S3 ). The reconstructions of unstained cells were more informative. Two of the tilt series containing putative SeNPs were reconstructed and segmented. Figure 2 shows a segmented reconstruction of a single cell; the outer membrane was segmented by hand, as is current standard practice with IMOD, while the SeNPs were sufficiently electron dense that segmentation could be accomplished automatically with a simple thresholding operation. Imodauto was set at a threshold of 1 (out of 255), which generated a model. This clearly auto-segments out high-density inclusions that we attributed to SeNPs. In each of three 3D reconstructions of cells grown with SeO 3 2-supplementation we observed highcontrast inclusions of 58.66 ± 2.47 nm diameter (from a total of 3 particles observed). Figure 2 shows a 3D segmentation of one of the cells, with a XY view shown in panel A and a YZ view shown in panel B. These two views reveal unambiguously for the first time that large SeNPs can be intracellularly contained, where previous studies were 2D microscopy and could not rule out that particles and cells are superimposed. Notably, there is no evidence that these particles are membrane-encapsulated, as is observed for other inorganic inclusions such as magnetosomes. 55 Panels D and E of Figure 2 show the three larger intracellular particles at greater magnification. From these images it appears that while the particles are "approximately spherical" they are not perfectly spherical and in fact are symmetrically irregular. Some of the irregularity in these images is artifact. The "spikiness / texture" of the surface is also observed for the 10 nm diameter gold nanoparticles used as fiducial markers for alignment. 52 The anisotropic 'speckling' halo that surrounds some of the particles likely arises from the 'missing wedge' artifact in electron tomography. 56 Even accounting for these sources of artifact, however, the nanoparticles appear symmetrically irregular.
To derive greater insight into the mechanism of formation of these SeNPs, we identified proteins implicated in the reduction of SeO 3 2-to Se(0) by P. moraviensis stanleyae. Briefly we fractionated the soluble proteins from cell lysate on a nondenaturing polyacrylamide gel, and then stained the gel with metalloid oxyanions and electron donating cofactors. Any resulting bands indicating the presence of NADPH-dependent selenite reductase activity were excised and further analyzed by proteomic mass spectrometry. To obtain better resolution, cell lysate of P. moraviensis Stanleyae grown in SeO 3 2--supplemented media was further fractionated on a hydrophobic interaction column (HIC) that was eluted with different concentrations of (NH 4 ) 2 SO 4 . Proteins in each fraction from the HIC column were separated on a non-denaturing polyacrylamide gel. To develop bands corresponding to selenite reductases, gels were placed into nitrogen-filled zip-lock bags filled with a buffer supplemented with metalloid oxyanions and NADPH or NADH. The entire protocol was adapted from previous work by Hunter. + NADPH incubation condition, one that is associated with lower salt elutions from the HIC column and a second associated with higher salt elutions.
To identify the proteins involved in the observed reduction, we excised the bands and identified associated proteins by protein mass spectrometry. From a total of 5 activity bands excised and analyzed for protein content, 122 proteins were identified (Table S1 ). Of these proteins 7 are known to be NADPH or NADP + dependent. This set of NADPH-dependent proteins (Table 1 ) comprises a set of candidate proteins for specific NADPH-dependent SeO 3 2-reduction to Se(0).
Of these proteins, we were especially interested in glutathione reductase (GSHR) and nitrite reductase, as each was previously implicated in selenite reduction. 38, [57] [58] [59] To validate the specificity and investigate the enzymatic mechanism, we obtained baker's yeast (Saccharomyces cerevisiae) GSHR from Sigma-Aldrich (G3664) and the NADPH-dependent cytochrome C reductase (C3381) and Aspergillus niger nitrate reductase , while no other combination resulted in notable metalloid oxyanion reduction. In order to understand the mechanism by which GSHR converts these metalloid oxyanions, we first characterized basic enzymatic properties for both SeO 3 2-and TeO 3 2- substrates. K m and V max were determined by observing the rate of consumption of NADPH, which has an easily observable spectroscopic signature ( Figure S4 ). We found a K M of 31 mM for SeO 3 2-and a K M of 0.54 mM for TeO 3 2-( Figure S5 ). The reported K m value of GSHR for GS-SG is ~50µM 60 suggesting that the enzyme has a substantially higher substrate affinity for GS-SG than for SeO 3 2 .
After dialysis to remove small molecules, the products of GSHR reduction of TeO 3 2-and SeO 3 2-were examined by TEM.
Reduction of TeO 3 2-to Te(0) by GSHR produced networks of sub 5 nm particles, where the diameters are difficult to discern, similar to the previously reported enzymatic reduction of Ti 3+ (as TiBALD) by cysteine and serine proteases. [34] Reduction of SeO 3 2-to Se(0) in otherwise identical conditions resulted in larger, discrete 61 ± 37 nm diameter SeNPs. Figure  4 shows electron micrographs of each product and a histogram of size distribution for the SeNP.
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In the enzymatic assays, we observed that the steady-state phase of product production was remarkably short-lived ( Figure S5 ). We subsequently observed that the enzyme itself was consumed in the in vitro reaction, as determined by a Bradford assay for total protein ( Figure 5 , circles). This suggested that the enzyme is associated with the particles it synthesizes, perhaps even entombed in the particle. To test this hypothesis of association or entombment, we separated by centrifugation the enzymatically formed SeNPs from soluble enzyme. The insoluble protein fraction corresponded to 18% of the total enzyme in the assay. SeNPs are known to be dissolvable in solvents such as ethylenediamine and benzene. 61 We found that enzymatically produced SeNPs are also soluble in Bradford protein assay. In fact, we could recover nearly quantitatively the protein that disappears from the enzymatic assay in a Bradford assay of the enzymatically produced SeNPs. This data is shown in Figure 5 , upper left panel. There is evidence that the soluble fraction of GSHR is also associated with smaller SeNPs. In an SDS-PAGE of the soluble fraction of GSHR, a difference in electrophoretic mobility coupled to a Please do not adjust margins Please do not adjust margins 'smearing of the band', consistent with the enzyme being bound to polydisperse particles, is observed in comparison to a control reaction ( Figure 5, right panel) . Overall, we suggest that some fraction of the enzyme is associated with or entombed in the nanoparticles that the enzyme creates. When NADPH cofactor is omitted from the reaction, the enzymatic process does not proceed, and the observed enzyme concentration remains constant ( Figure S6 top panel,  diamonds) . The size of the enzymatically synthesized SeNPs is controllable through modulation of enzyme substrate concentrations. By varying the [NADPH] in an in vivo reaction, we observed that we could vary the size of the resulting particles from 2.5nm to more than 50nm diameter. The effect of [NADPH] on particle size is shown in Figure S7 .
Discussion
We identify the first polypeptide capable of soluble precursor reduction, retention of reduced product at the site of reduction, and size control of the reduced product. This represents a notable step in progress toward a clonable nanoparticle, which is fundamentally different from other proposed strategies for clonable nanoparticles. First, other strategies rely on stoichiometric binding of metal ions, 4,5 or on oxidation events, 2 while this approach uses enzymes and NADPH as an electron donor to reduce inorganic precursors. We infer that the products of reduction are often retained by the enzyme that creates them, possibly by an entombing mechanism. This rare combination of three activities in biogenic nanoparticle production was previously suggested for reduction of Au(III) precursors by the same enzyme. 35 In that work, however, the resulting particles are quite small, and as noted above, Au reduction is quite promiscuous by biomolecules, (8) while the selenite and tellurite reductions reported here appear specific to just a handful of enzymes, as evidenced by Figure 3 . We observe notable differences in the resulting size of particles, depending on the growth condition. We cultured P. moraviensis Stanleyae cells for up to 36 hours in the presence of SeO 3 2-supplementation, to ensure an abundance of SeNPs in subsequent microscopic examination. We grew cells for this extended time both with and without replacement of media. When the media was not replaced, it is likely that it is depleted of necessary nutrients at the 36 hour time point, and the cells are starving. The starvation condition of cells in Figures 1 and S2 may partially explain the difference in average particle size observed between the intracellular particles in Figure 1 (107 nm diameter) and Figure 2 (58 nm diameter). Notably, in Figure S3 the membranes are quite distorted, consistent with starving cells that are having difficulty maintaining homeostasis. The starvation condition was avoided for cells reconstructed for Figure 2 by replacing the growth media every 12 hours. Note that particle diameters measured for SeNPs in 'healthy' cells (58 nm diameter average diameter) and SeNPs produced in vitro by GSHR (61 nm average diameter) are within measurement error. This concurrence in particle size suggests that the in vitro and in vivo mechanisms that underlie the formation of these SeNPs are similar. Key for future application is minimizing the mass of the biological components of clonable nanoparticles. For instance, the mass of GFP is 27 kDa, yet some studies have demonstrated that GFP concatemers can interrupt the native function of the protein fused to GFP. 61, 62 A finding we make relevant to minimizing the mass of clonable nanoparticle tags is that the SeNPs described here may be effectively naked. This stands in contrast to the well-established intracellular inorganic nanoparticles, which are coated either by a membrane or by a structured protein capsule. We hypothesize that the particles are naked, with the Se(0) exposed to the cytosol, from a combination of structural and chemical evidence. From the tomographic reconstructions, we observe no evidence for a membrane around the SeNPs, while membranes are easily observed for naturally occurring magnetite nanoparticles. 55 The low symmetry of the particles, dispersity, and differences in average size that depend on growth conditions suggest that there is no structured protein coat, such as that found with ferritin and DPS-coated nanoparticles.
Chemically, we note that nearly all clusters and nanoparticles require a ligand shell to quench the chemical reactivity associated with the open valence electron shells of most pure elements. A handful of elements, however, including Se and Te as well as As, Bi, and Sb are known to form stable naked cluster compounds. 63 This is in many cases because the element can achieve noble gas-like electron counts by catenation, often resulting in ring structures in the solid state, such as the well-known S n , Se n , and Te n ring compounds where 6<n<8. Indeed, a recent report suggests that while the surface of SeNPs is more complex than an approximately scaled giant naked Se cluster, the surfaces are stable without formal ligation. 64 Furthermore, protein mass spectrometry on purified SeNPs fails to identify candidate proteins that are known to interact with inorganic ions or surfaces. 37 Thus, the combination of irregular symmetry, absence of a membrane, and plausibility of a ligand-free surface suggests that SeNPs may represent the first described class of cytosol exposed inorganic nanoparticle surfaces. The commercially sourced GSHR and GSHR or GSHR-like enzymes identified in P. moraviensis Stanleyae are not immediately useful as a clonable label in cellular EM. First, the resulting SeNPs are substantially larger than practical; second, other GSHRs, nitrite reductases, and thioredoxin 65 for nanoparticle formation. Furthermore, specialized selenium transporters that may be present in the selenium hyperaccumulator studied here may also enable the large intracellular particles observed in Figures  1 and 2 . Thus, we anticipate cloning the GSHR-like enzyme from P. moraviensis Stanleyae, under the hypothesis that this selenium-specialized enzyme will have a much more favorable K M , and that the enzyme may function well with physiologically normal concentrations of SeO 3 2-while simulatenously conferring resistance to Se toxicity to cells in which it is expressed. An enzyme optimized for selenite or tellurite reduction may allow superior labeling specificity by kinetically outrunning any competing reactions. While additional work is required to complete the adaptation of this clonable nanoparticle approach for general cellular use, this approach may find more immediate use in labeling purified macromolecular complexes. Presently labeling with ex situ synthesized gold nanoparticles is state-of-the-art for this purpose, with applications in molecular EM, X-ray freeelectron laser, and SAXS studies of macromolecular complexes. 67 A clonable approach to this contrast problem may make this sort of tagging much more facile. For instance, Se (and Te) oxyanions have notable advantages as precursors over previously investigated Au and Fe-based systems. The Au(I) and Au(III) coordination compounds are broadly cross-reactive (i.e., easily reduced into background particulate material) by a wide swath of biomolecules and buffers. 8, 10, 11 This broad cross-reactivity may explain the dearth of followup to reports of metallothionein / Au combinations as molecular and cellular EM labels.
In contrast, the present work and some preceding work suggest that the palette of proteins that possess notable reactivity against the metalloid oxyanions TeO 3 2-and SeO 3 2-is comparatively limited in number. Improved size control may be imposed by concatenated or coexpressed peptides. Several dodecapeptides are now known to impose size control 28 on a number of in vitro synthesized metal nanoparticles. 68 Similar peptides may be isolated to impose size control on SeNPs or TeNPs.
Conclusion
In conclusion, we identify the first polypeptide that appears capable of synthesizing, retaining and size-controlling an inorganic nanoparticle.
By virtue of their metalloid composition, the particles may be naked and exposed to free cytosol.
We also find that metalloid oxyanions are comparatively selective in their cross-reactivity against biological molecules. Overall, we suggest that metalloid reductases, including the GSHR-like reductase characterized here, comprise a class of enzymes that may find use in imaging applications needing a clonable nanoparticle.
